Abstract. Previous studies suggested that an amorphous solid dispersion with a copolymer consisting of both hydrophobic and hydrophilic monomers could improve the dissolution profile of a poorly watersoluble drug compared to the crystalline form. Therefore, this study investigated the influence of the copolymer composition of polyvinylpyrrolidone/vinyl acetate (PVP/VA) on the non-sink in vitro dissolution behavior and in vivo performance of celecoxib (CCX) amorphous solid dispersions. The study showed that the hydrophilic monomer vinylpyrrolidone (VP) was responsible for the generation of CCX supersaturation whereas the hydrophobic monomer vinyl acetate (VA) was responsible for the stabilization of the supersaturated solution. For CCX, there was an optimal copolymer composition around 50-60% VP content where further replacement of VP monomers with VA monomers did not have any biopharmaceutical advantages. A linear relationship was found between the in vitro AUC 0-4h and in vivo AUC 0-24h for the CCX:PVP/VA systems, indicating that the non-sink in vitro dissolution method applied in this study was useful in predicting the in vivo performance. These results indicated that when formulating a poorly water-soluble drug as an amorphous solid dispersion using a copolymer, the copolymer composition has a significant influence on the dissolution profile and in vivo performance. Thus, the dissolution profile of a drug can theoretically be tailored by changing the monomer ratio of a copolymer with respect to the required in vivo plasma-concentration profile. As this ratio is likely to be drug dependent, determining the optimal ratio between the hydrophilic (dissolution enhancing) and hydrophobic (crystallization inhibiting) monomers for a given drug is imperative.
INTRODUCTION
Development of formulation strategies to overcome the limited bioavailability associated with the increasing number of poorly water-soluble drug candidates is one of the most important challenges facing the pharmaceutical industry (1, 2) . It is well known that the utilization of the amorphous form may increase the apparent solubility and dissolution rate of a drug as a consequence of increased internal free energy. However, due to the high internal free energy and molecular mobility, amorphous materials also tend to crystallize (3) (4) (5) . In order to circumvent crystallization and subsequent loss of the dissolution advantage, the amorphous drug can be dispersed in an amorphous polymer; a formulation strategy commonly referred to as an amorphous solid dispersion (6, 7) . Besides stabilizing the drug against crystallization in the solid state, the polymer can also further improve the dissolution profile through inhibition of the crystallization from the supersaturated solution generated upon dissolution (8, 9) .
The development of a successful amorphous solid dispersion is based on its dissolution performance after oral administration. Generally, the goal is to obtain a so-called spring and parachute dissolution profile (10) . This means that the drug should dissolve rapidly to reach a supersaturated concentration (spring effect) followed by crystallization inhibition in order to maintain the supersaturation long enough for the drug to be absorbed (parachute effect) (11, 12) . Even though the underlying processes that govern the dissolution of amorphous solid dispersions are still not fully understood, the stabilization against crystallization is thought to be attributed to specific intermolecular interactions between the drug and polymer (13, 14) . Under non-sink dissolution conditions, both the dissolution rates and supersaturation levels obtained from amorphous solid dispersions have been reported to be higher with water-soluble (hydrophilic) carriers compared to systems with waterinsoluble (hydrophobic) carriers (15) . This interlinks well with the fact that the two most commonly used carriers for marketed amorphous solid dispersion are the hydrophilic polymers hydroxypropyl methylcellulose (HPMC) and polyvinylpyrrolidone (PVP) (10, 16) .
Even though hydrophilic polymers can provide a good Bspring effect,^the fast dissolution and high degree of supersaturation could also generate a driving force for crystallization (17) . Furthermore, studies have suggested that hydrophobicity is an important polymer property with respect to crystallization inhibition (15, 18) . This means that the fastest dissolving system may not necessarily show the best in vivo performance, and, hence, that the choice of polymer(s) will have a great effect on the dissolution profile and bioavailability of the amorphous solid dispersion (8, 17) . Consequently, in order to limit the crystallization upon dissolution of the drug from an amorphous solid dispersion, a hydrophobic polymer could be used in combination with a hydrophilic polymer (a so-called third generation solid dispersion) (19) . This opportunity was investigated by Xie and Taylor, who found that combining an effective crystallization inhibition polymer with a dissolution-enhancing polymer in an amorphous solid dispersion significantly improved the dissolution profile of the drug compared to any of the pure polymers (20) .
Alternatively, a copolymer consisting of both hydrophobic and hydrophilic monomers could hypothetically improve both dissolution and delay crystallization of the supersaturated drug. In this case, finding the optimal ratio between the hydrophilic (dissolution enhancing) and hydrophobic (crystallization inhibiting) monomers would be the critical formulation parameter. Thus, it is possible that the dissolution profile of a drug from an amorphous solid dispersion can be tailored by changing the monomer ratio in a copolymer.
Even though this hypothesis seems straightforward, the influence of the copolymer composition on the performance of amorphous solid dispersions has, to the best of our knowledge, not yet been investigated systematically. In addition, despite the great potential of amorphous solid dispersions, the number of published in vivo studies is still limited (16) . Therefore, the purpose of this study was to investigate the influence of copolymer composition on the non-sink in vitro dissolution behavior and in vivo performance of an amorphous solid dispersion using celecoxib (CCX) as model drug and polyvinylpyrrolidone-co-vinyl acetate (PVP/VA) as copolymer. This copolymer consists of the hydrophilic monomer vinylpyrrolidone (VP) and the hydrophobic monomer vinyl acetate (VA) and is available in different monomer ratios: PVP/VA 335, PVP/VA 535, PVP/ VA 635, and PVP/VA 735 (with 30, 50, 60, and 70% VP, respectively). The performance of the amorphous solid dispersions with the different copolymer ratios will be compared with that of the pure homopolymers PVP and polyvinyl acetate (PVA).
METHODS AND MATERIALS

Materials
Celecoxib (CCX; M w = 381.37 g/mol) was purchased from Astatech Inc. (Bristol, PA, USA). Ibuprofen (M w = 206.29 g/mol) and Kollidon® 30 (PVP K30, M w = 44,000-54,000 g/mol) were purchased from BASF (Ludwigshafen, Germany). Methanol (≥99.9%), acetonitrile (≥99.9%), and ammonium dihydrogen phosphate were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium chloride, disodium hydrogen phosphate, hydrogen chloride, monopotassium phosphate, phosphoric acid (85%), sodium dihydrogen phosphate monohydrate, and sodium hydroxide pellets were purchased from Merck (Darmstadt, Germany). SIF™ Powder instant biorelevant medium was purchased from Phares AG (Muttenz, Switzerland). Polyvinyl acetate (PVA; M w = 35,000-45,000 g/mol) was purchased from VWR Chemicals (Pool, England), and polyvinylpyrrolidone/ vinyl acetate (PVP/VA) copolymer E-335 (PVP/VA 335, M w = 28,000 g/mol), PVP/VA copolymer E-535 (PVP/VA 535, M w = 36,700 g/mol), PVP/VA copolymer E-635 (PVP/ VA 635, M w = 38,200 g/mol), and PVP/VA copolymer E-735 (PVP/VA 735, M w = 56,700 g/mol) were kindly supplied by Ashland Chemical Co. (Columbus, OH, USA). PVA was received as pellets and was therefore pulverized using a Tube Mill control (at 10,000 rpm) from IKA® (Staufen, Germany) and sieved through a 0.4-mm sieve. The PVP/VA copolymers were sourced as 50% (w/w) ethanol solutions and converted to the solid form by spray drying. The solutions were diluted with ethanol to 5% (w/w) and processed using the B-290 Mini Spray Dryer from Büchi (Flawil, Switzerland). Air was drawn through the open-loop system with an aspirator rate at 100% and a temperature of 140°C, and the pump speed was set to 30%, which resulted in an outlet temperature of approximately 80°C (21) .
Sample Preparation
The amorphous solid dispersions and amorphous CCX were prepared by melt quenching. Drug and polymer were weighed (25:75 w/w) and mixed thoroughly using a mortar and pestle. The physical mixture was then spread evenly on aluminum foil covered with 50.8 mm PTFE (Teflon) extruded film tape mm from 3M (St. Paul, MN, USA) and placed in an APT.line™ model ED electrical furnace from Binder GmbH (Tuttlingen, Germany) at 168°C for 2 min. The mixture was removed from the furnace, cooled to room temperature, and pulverized using a mortar and pestle. This procedure was repeated once more for the amorphous solid dispersions. The resulting powders were sieved with a 0.4-mm sieve in order to screen out any large particles or agglomerates and stored in air-tight containers until use.
Solid State Characterization
X-ray powder diffraction (XRPD) measurements were performed on an X'Pert PRO MRD diffractometer (PANalytical, Almelo, the Netherlands) equipped with a TCU 100 temperature control unit and an X'Celerator detector using nickel-filtered CuKα radiation (λ = 1.5406 Å) at 45 kV and 40 mA. Samples were placed on zero background (0-BG) Si plates and measured over the angular range 3-40°2θ at a scanning rate of 1.20°2θ/min. Results were analyzed using X'Pert Data Viewer (version 1.2) software.
Thermal Analysis
Differential scanning calorimetry (DSC) thermograms were acquired using a DSC Q2000 calorimeter (TA Instruments Inc, New Castle, DE, USA). Sample powders (2-4 mg) were analyzed in Tzero Aluminium Hermetic pans with a perforated lid and scanned from −10 to 200°C at a heating rate of 5°C/min and purged with 50 mL/min pure nitrogen gas. Temperature and enthalpy of the DSC instrument were calibrated using indium as a standard. The melting temperature (T m , onset) and glass transition temperatures (T g , midpoint) were determined using the Universal Analysis 2000 (version 4.5A) software.
Preparation of Fasted State Simulated Intestinal Fluid
Fasted state simulated intestinal fluid (FaSSIF) was both utilized as dissolution medium for in vitro dissolution and as a suspension liquid for the in vivo studies. Phosphate buffer pH 6.5 was prepared in a 1000-mL volumetric flask, by dissolving 0.420 g sodium hydroxide, 3.954 g of sodium dihydrogen phosphate monohydrate, and 6.286 g sodium chloride in approximately 900 mL of demineralized water. The pH was then adjusted to 6.5 with 1 M sodium hydroxide or 1 M hydrogen chloride, and the buffer was diluted to 1000 mL with demineralized water. The FaSSIF was prepared by dissolving 2.240 g SIF™ Powder in 500 mL phosphate buffer pH 6.5 and stirred on a magnetic stirrer until the powder was dissolved and an opalescent solution was obtained. The solution was then diluted to 1000 mL with phosphate buffer pH 6.5, stirred on a magnetic stirrer for a minimum of 2 h, and degassed before use. The FaSSIF was used within 24 h as specified by the supplier. The water used was from a Millipore purification system (Billerica, MA, USA).
In Vitro Studies
The non-sink in vitro dissolution studies were conducted at 37 ± 0.5°C in 500 mL of FaSSIF in an USP type II apparatus (paddle method) operating at 100 rpm using a VK7010 dissolution tester integrated with a VK650A heater/ circulator, both from VanKel Technology Group (Cary, NC, USA). Three hundred microliters of the freshly prepared and degassed FaSSIF was placed in each of the six roundbottomed vessels and heated to 37 ± 0.5°C. The remaining 200 mL FaSSIF was heated to 37 ± 0.5°C in a type B 8023 oven from Termaks (Bergen, Norway). In order to achieve non-sink conditions, formulation corresponding to 400 mg CCX (saturation solubility 34.1 μg/mL) was suspended in the preheated 200 mL FaSSIF and added to the vessel at 0 min. Aliquots of 2 mL were withdrawn at 1, 5, 10, 15, 20, 30, 45, 60, 90, 120, 180, 240, 360, and 1440 min and filtered using 0.22 μm PTFE hydrophilic membrane Q-Max syringe filters from Frisenette ApS (Knebel, Denmark). Of the filtered sample, 1 mL was diluted with 1 mL mobile phase in order to avoid crystallization and analyzed using high-performance liquid chromatography (HPLC, see below).
In Vivo Studies
Male Sprague-Dawley rats weighing in the range of 277-330 g at the day of the experiment were purchased from Charles River Laboratories (Sulzfeld, Germany). To avoid interactions with lipid components in food, all rats were fasted 16-20 h prior to the study and until 12 h after dosing. Water was available at all times. Immediately before oral dosing of 100 mg/kg body weight of CCX in a volume of 5 mL/kg, the formulations were suspended in FaSSIF using a magnetic stirrer. A total of 48 rats were randomly assigned to one of the following groups, each consisting of 6 animals: (i) crystalline CCX, (ii) amorphous CCX, (iii) amorphous solid dispersions ( 
Analytical Method
A HPLC method was used for the quantification of CCX in the samples from all the in vitro and in vivo studies. The HPLC system consisted of an L-7400 UV-detector, T-6000 column oven, L-7200 auto sampler, L-7100 pump, and D-7000 interface from Merck-Hitachi LaChrom (Tokyo, Japan). A reverse phase X-Bridge C-18 column (4.6 × 150 mm, 3.5 μm) from Waters (Milford, MA, USA) was used for the separation, and the mobile phase consisted of a methanol: 20 mM ammonium phosphate buffer (65:35 v/v) adjusted to pH 2.35 ± 0.05 with phosphoric acid. A total of 25 μL of sample was eluted at a flow rate of 1 mL/min, and the effluent was detected at a wavelength of 230 nm after approximately 7 min. A calibration standard concentration (100 μg/mL) was injected in between every 12 samples. The concentration of CCX was then calculated using the mean value of the peak areas obtained from the injected calibration standard concentration. The standard curve was linear over the range 0-500 μg/mL.
The bioanalysis was conducted by adding 20 μL of 0.1 mg/mL ibuprofen dissolved in acetonitrile (internal standard) to 20 μL of plasma samples. This mixture was then vortex-mixed with 100 μL acetonitrile to precipitate the proteins and centrifuged for 10 min at 11,500 rpm in a Hereaeus Labofuge 400 (Thermo Scientific Inc., Germany). The supernatant was transferred to vials and analyzed by HPLC. Using this extraction procedure, the recovery of CCX was 95-98% for calibration standard concentrations with a lower quantification limit of 50 ng/mL CCX.
Statistical Analysis
The primary pharmacokinetic parameters, area under the plasma concentration-time curve (AUC), maximum plasma concentration (C max ), and time to reach C max (t max ), were obtained by non-compartmental analysis of the plasma data. An analysis of variance (ANOVA) followed by a Newman-Keuls post hoc test was performed for untransformed data in order to detect differences in the pharmacokinetic parameters C max and AUC 0-24h using SigmaPlot 11.0 from Systat Software, Inc. (Chicago, IL, USA). The values of t max were analyzed using a Mann-Whitney rank sum test for the paired samples. A statistical p value < 0.05 was considered significant.
RESULTS AND DISCUSSION
Thermal Stability and Homogeneity of the Formulations
In recent years, melt extrusion and spray drying have become the most common techniques for the preparation of amorphous solid dispersions (19) . As these techniques are complex and require relatively large amounts of drug and polymer, a simple melt-quenching procedure was applied in this study to imitate the melt extrusion process and to limit the time and compound consumption. Due to the relatively high temperature applied in melting techniques, it is possible that the drug or excipients may degrade during processing. However, as the thermal degradation of CCX, PVA, PVP/VA, and PVP starts well after the melt quenching temperature of 168°C (22) (23) (24) (25) , the thermal stability of the amorphous solid dispersions was ensured during processing (confirmed by HPLC).
After preparation, it was confirmed that all the formulations were completely amorphous, as evident from a diffuse halo with no Bragg peaks in the XRPD diffractogram, and homogenously mixed at a molecular level implied by only one glass transition temperature between that of the pure components in the DSC thermogram (data not shown). The drug/polymer weight ratio was fixed at 25:75 w/w to investigate the effect of the composition of the copolymer on the in vitro behavior and in vivo performance rather than the drug/polymer ratio.
Effect of Copolymer Composition on Drug Dissolution at Non-Sink Conditions
The dissolution profiles after non-sink in vitro dissolution of the different formulations in FaSSIF are shown in Fig. 1 , and parameters descriptive for the dissolution profile are presented in Table I . As can be seen, the dissolution rates from amorphous CCX and CCX:PVP K30 were higher than for the other formulations. For the CCX:PVP/VA systems, the dissolution rate increased with increasing VP content. However, interestingly, the CCX:PVA system showed a lower dissolution rate than crystalline CCX. A previous study showed that the dissolution rates from sulfathiazole-PVP solid dispersions were highly depending on the molecular weight of the polymer (26) . However, as the molecular weight of the polymers and copolymers used in this study was kept relatively constant (28,000-56,700 g/mol), this effect is thought to be due to the composition of the (co)polymers.
Furthermore, other studies indicated that drug release from amorphous solid dispersions is dependent on the wettability of the polymer matrix and thus viscosity and solubility in the medium (hydrophilicity) (26, 27) . The K value (viscosity in 1% w/v ethanol solution) for all the (co)polymers used in this study is around 30 (technical information, Ashland Chemical Co.). Assuming that the viscosity of the (co)polymers in FaSSIF is also equal, the effect of viscosity can be ignored, and hence, the increased dissolution rate may be isolated to the hydrophilicity of the (co)polymer. Therefore, the increasing dissolution rate is a function of copolymer composition as an increase in VP content will increase the overall hydrophilicity of the copolymer and thus the dissolution rate of the copolymer itself. These observations were all in accordance with a study by Sun and Lee, who suggested that for soluble (hydrophilic) polymers, the drug release mechanism is controlled by the dissolution of the drug, and for insoluble (hydrophobic) polymers, the drug release mechanism is controlled by the drug diffusion through the polymer matrix (15) . However, the fastest dissolving system will not necessarily show the best in vivo performance as rapid generation of a supersaturated solution could generate a driving force for crystallization. Therefore, non-sink dissolution conditions are essential to enable a rational comparison of different polymers (17, 28) .
As can be seen from Table I , a direct correlation between the VP content and the maximum dissolution concentration was not observed. Even though the copolymers with the highest VP content offered the highest maximum concentration, there was no apparent correlation between the maximum drug concentration and copolymer composition (VP content). The maximum concentration for CCX:PVP/VA 635, CCX:PVP/VA 735, and CCX:PVP K30 was relatively similar (around 250 μg/mL), while CCX:PVP/VA 535 differed with a maximum concentration of almost 700 μg/mL (after 24 h)-more than twice as high as the formulation with the second highest concentration (CCX:PVP K30) and approximately 20 times higher than the equilibrium solubility of crystalline CCX (~35 μg/mL). The true cause for this phenomenon is still unknown, but it is likely that the hydrophobic VA monomer plays an important role.
This hypothesis is supported by observing the time to reach maximum concentration (Table I) , where it is evident that CCX:PVA, CCX:PVP/VA 335, CCX:PVP/VA 535, and CCX:PVP/VA 635 did not crystallize during non-sink dissolution whereas amorphous CCX, CCX:PVP/VA 735, and CCX:PVP K30 crystallized. The amorphicity and crystallinity of the undissolved material/precipitate after dissolution was also confirmed by XRPD (data not shown). Consequently, the amorphous solid dispersions with (co)polymers containing a high content of VA monomers (40-100%) inhibited crystallization, which indicates that the hydrophobic VA monomer could be responsible for this.
According to the Bspring and parachute effect,^the dissolution profile and thus overall performance of amorphous solid dispersions is essentially governed by two factors: generation and stabilization of a supersaturated solution (11) . Consequently, in order to enable a ranking in relation to the overall in vitro performance of the different formulations, the area under the dissolution concentration-time curve (AUC 0-24h ) was calculated. Generally, it is recommended that the time frames used in in vitro studies are similar to those observed in biological systems when evaluating potential crystallization processes (28) . Accordingly, as the combined transit time in the stomach and small intestine in fasted rats has been reported to be approximately 4 h (29) and another in vivo study on CCX suspensions also using male SpragueDawley rats found that the t max for CCX was around 4 h (30), the AUC 0-4h was also calculated. Even though the two different in vitro AUCs deviate on the specific ranking, they both show that the formulation with (co)polymers containing a high VP content (CCX:PVP/VA 535, CCX:PVP/VA 635, CCX:PVP/VA 735, CCX:PVP/VA K30) performed better than the formulations containing no or low VP content (crystalline CCX, amorphous CCX, CCX:PVA, and CCX:PVP/VA 335). Furthermore, in both cases, the copolymers with a high VP content (CCX:PVP/VA 535, CCX:PVP/ VA 635, and CCX:PVP/VA 735) also showed higher AUCs than the pure PVP homopolymer (CCX:PVP K30).
Based on the results from this in vitro study, the copolymer composition has significant influence on the dissolution profile of CCX. In summary, the VP monomer appeared to be responsible for the generation of supersaturation (dissolution enhancement) and the VA monomer for the stabilization of the supersaturated solution (crystallization inhibition). The optimal copolymer composition for CCX was around 50-70% VP content; further replacement of VP monomers with VA monomers or vice versa did not have any advantage in relation to the overall in vitro performance. As this optimal copolymer composition is most likely drug dependent, it must be anticipated that for a drug that has a strong tendency to crystallize upon dissolution, a higher content of the stabilizing VA monomer is required compared to a drug with a lower tendency to crystallize and vice versa. This means that, in theory, the release of drugs from amorphous solid dispersions can be controlled simply by modifying the composition of a given copolymer. In order to assess if the copolymer composition also has an influence on the bioavailability, an in vivo study was performed.
Effect of Copolymer Composition on In Vivo Performance in Rats
The mean plasma concentration-time profiles following oral administration of the different formulations are shown in Fig. 2 . The calculated pharmacokinetic parameters, maximum plasma concentration (C max ) of CCX, time to reach C max (t max ), and area under the plasma concentration-time curve (AUC 0-24h ), are provided in Table II . As can be seen in Fig. 2 , the amorphous solid dispersions with (co)polymers containing a high VP content (CCX:PVP/VA 535, CCX:PVP/ VA 635, CCX:PVP/VA 735, and CCX:PVP K30) resulted in a faster absorption of CCX (concentration in the first blood sample) than the (co)polymers containing no or low VP content (crystalline CCX, amorphous CCX, CCX:PVA, and CCX:PVP/VA 335). This was also reflected in the C max , where the same four (co)polymers with high VP content had statistically significant higher values than the other four Table I . Non-sink in vitro dissolution parameters of various CCX formulations formulations. Furthermore, all formulations had a significantly higher C max than CCX:PVA, which was also in line with the observations from the in vitro dissolution study. The data also revealed that the AUC 0-24h of the different formulations was proportional to the C max, and thus, both parameters ranked the formulations CCX:PVP/VA 635 > CCX:PVP/VA 535 > CCX:PVP K30 > CCX:PVP/VA 735 > amorphous CCX > CCX:PVP/VA 335 > crystalline CCX > CCX:PVA. A statistical analysis of the data showed that the formulations with a (co)polymer containing a high VP content showed significantly higher C max and AUC 0-24h than the formulations containing no or low VP content (except AUC 0-24h for CCX:PVP/VA 735 vs amorphous CCX). In agreement with the statistical differences observed for C max , all formulations also had a significantly higher AUC 0-24h than CCX:PVA. The reason for this is most likely that the drug is never released from the polymeric matrix because the polymer itself is never dissolved (as seen in vitro). This emphasizes that not all amorphous solid dispersions can increase the bioavailability of a poorly water-soluble drug, but in some cases, the bioavailability can actually be reduced.
For all the formulations, the t max was approximately 6 h, and no significant difference could be found. Hence, the short time to reach maximum concentration in vitro for amorphous CCX and CCX:PVP K30, due to crystallization during dissolution, was not reflected in vivo. A potential explanation for this could be that CCX crystallized in vivo before reaching the site of absorption, and thus, the majority of drug absorption did not commence until after CCX had crystallized. For formulations that have a potential to crystallize before the site of absorption, even small variations in transit times could have a major influence on the bioavailability (28), and therefore, it must be expected that these formulations provide the most variable bioavailability (AUC 0-24h ). This was in line with the observations in the present study on the four amorphous solid dispersions that provided a bioavailability (AUC 0-24h ) significantly larger than crystalline CCX. The bioavailability for the crystallizing formulations CCX:PVP K30 and CCX:PVP/VA 735 varied by 26 and 42%, respectively, whereas the bioavailability for the noncrystallizing formulations CCX:PVP/VA 535 and CCX:PVP 635 only varied by 10 and 15%, respectively.
As predicted from the non-sink in vitro dissolution tests, the in vivo study in rats confirmed that, except for CCX:PVA, the amorphous solid dispersions had a higher bioavailability than crystalline CCX. In accordance with the observations from the in vitro study, two of the copolymers PVP/VA 535 and PVP/VA 635 performed better than the other formulations, and therefore, it seems as if that there is an optimum copolymer composition around 50-60% VP content. Compared to the pure PVP homopolymer, inclusion of a VA monomer in a PVP/VA copolymer can increase the overall performance of an amorphous solid dispersion and lower the variability in the bioavailability significantly because of its ability to inhibit the crystallization of CCX.
The results of this study indicate that the copolymer composition (ratio between the hydrophilic monomer VP and hydrophobic monomer VA) has significant influence on the dissolution profile and in vivo performance of poorly watersoluble drugs. Furthermore, a recent study has also shown that the physical stability of the PVP/VA copolymer could be better than that of pure PVP due to an overall decrease of the hygroscopicity of the polymer (31) . This means that replacing the hydrophilic VP repeat units with hydrophobic VA repeat units will not only significantly inhibit the crystallization upon dissolution of the amorphous solid dispersion, but it may also improve the physical stability of the formulation during storage (32, 33) . Consequently, knowledge about the optimum monomer ratio may be used advantageously in the future development of amorphous drug delivery systems as copolymers can theoretically be customized to Bfit^any given drug.
In Vitro-In Vivo Correlation
The ultimate goal when performing in vitro studies is to establish a method that can predict the clinical performance of a formulation (in vivo performance) (28) . Although the intraluminal behavior of amorphous solid dispersions still needs to be elucidated, the crystallization observed in vitro is also believed to occur in vivo. Therefore, in the case of supersaturating formulations, it is important that the in vitro dissolution behavior is evaluated in non-sink conditions to account for the effect of potential crystallization (17) . Another crucial element is the comparison of relevant in vitro parameters with in vivo pharmacokinetic parameters. Of these pharmacokinetic parameters, the most important relating to the overall performance (bioavailability) of a formulation is the AUC. However, comparing the data from Tables I  and II , no correlation between C max and maximum dissolution concentration or t max and time to reach maximum dissolution concentration could be established. Furthermore, no correlation was found between in vitro AUC 0-24h and in vivo AUC 0-24h .
Even though CCX is absorbed throughout the gastrointestinal tract, it is rational to assume that the majority of the dose is absorbed in the small intestine (34) as this constitutes more than 75% of the total length and 98% of the total surface volume of the gastrointestinal tract (35) . The transit times in the stomach, small intestine, and large intestine of rats have been reported to be 15-30 min, 3-4 h, and 10-11 h, respectively (29) . In comparison, the transit times in fasted humans have been reported to be 10-15 min (for liquids), 3-4 h, and 8-18 h, respectively (36) . The combined transit time in the stomach and small intestine of both fasted humans and rats is thus approximately 4 h, and therefore, the in vitro AUC 0-4h might be more predictive than the AUC 0-24h . And in fact (CCX:PVA excluded), it was possible to establish an in vitro-in vivo correlation between in vitro AUC 0-4h with in vivo AUC 0-24h as illustrated in Fig. 3 .
The present study indicated that the in vitro non-sink dissolution method could be used to predict the in vivo performance of the formulations under investigation. However, it should be noted that the optimal in vitro time frame to predict in vivo performance could very well be drug dependent. Therefore, more investigations across compounds and (co)polymers need to be performed in order to confirm the predictive power of the non-sink dissolution method and the effect of copolymer composition on the in vivo performance in general.
CONCLUSION
Amorphous solid dispersions of CCX in PVA, PVP, and PVP/VA of different copolymer compositions were successfully prepared by a melt-quenching procedure. Except for CCX:PVA, all formulations showed an increased dissolution rate and apparent solubility compared to crystalline CCX. This improved dissolution behavior was also reflected in an increase in oral bioavailability in rats, which indicates that the absorption of CCX was solubility and dissolution limited. The formulations with (co)polymers containing a high VP content displayed superior in vitro and in vivo performance compared to those containing no VP or low VP content. The amorphous solid dispersion using the copolymers PVP/VA 535 and PVP/VA 635 performed better than the pure homopolymers PVA and PVP, and therefore, it seems that there is an optimum copolymer composition around 50-60% VP content. Of the two monomers contained in the copolymer, the hydrophilic VP monomer appeared responsible for the generation of supersaturation (dissolution enhancement) whereas the hydrophobic VA monomer was responsible for the stabilization of the supersaturated solution (crystallization inhibition). Finally, a correlation between in vitro AUC 0-4h and in vivo AUC 0-24h suggests that the in vitro non-sink dissolution method applied in this study could be used to predict in vivo performance.
The results of this study show that the implementation of the amorphous solid dispersion strategy holds great potential to increase the bioavailability of a poorly watersoluble drug if the right (co)polymeric carriers are chosen. The copolymer composition had significant influence on the dissolution profile and in vivo performance, which indicates that a copolymer consisting of a mix of hydrophobic and hydrophilic monomers, in theory, could improve both dissolution rate and delay crystallization of the supersaturated drug. Hence, it is possible that the dissolution profile can be tailored by changing the monomer ratio of a copolymer with respect to the required in vivo plasmaconcentration profile. As this ratio is likely to be drug dependent, determining the optimal ratio between the hydrophilic (dissolution enhancing) and hydrophobic (crystallization inhibiting) monomers for a given drug is a critical formulation parameter when developing an amorphous solid dispersion with a copolymer such as PVP/VA as carrier.
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